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DGDSWLYHV\VWHPVLQDOOSRVVLEOHVFHQDULRVDQGHQYLURQPHQWV$VDUHVXOWLWLVGHVLUDEOHWRLPSURYHRXUDELOLW\WRXQGHUVWDQGKRZ
DXWRQRPRXVV\VWHPVZLOOSHUIRUPLQRUGHUWRLQIOXHQFHPLOLWDU\DFTXLVLWLRQGHFLVLRQV3ULRUZRUNKDVVRXJKWWRFKDUDFWHUL]HWKH
HQYLURQPHQWRUWKHSHUIRUPDQFHRIXQPDQQHGV\VWHPVEDVHGRQOHYHOVRIDXWRQRP\DQGVXJJHVWHGWKDWHQYLURQPHQWDOFRPSOH[LW\
LV D VWURQJSUHGLFWRURISHUIRUPDQFHRIPRELOH URERW V\VWHPV +RZHYHUSHUIRUPDQFHPHDVXUHVRIXQPDQQHG V\VWHPVGHDOLQJ
ZLWK FRPSOH[ DQG FKDQJLQJ HQYLURQPHQWV KDYH EHHQ GLIILFXOW WRPHDVXUH TXDQWLWDWLYHO\EHFDXVH LW LV GLIILFXOW WR GHOLQHDWH WKH
JHQHUDO RSHUDWLRQDO GRPDLQV RI WKH XQPDQQHG V\VWHPV RU KRZ WR GHWHUPLQH LI DQ XQPDQQHG V\VWHP VDWLVILHV FDSDELOLW\
VSHFLILFDWLRQVRUH[SHFWDWLRQV7KLVSDSHUGHVFULEHVWKHGHYHORSPHQWRIDPRGHOEDVHGIUDPHZRUNIRUSUHGLFWLQJWKHSHUIRUPDQFH
RIVHOIDGDSWLYHV\VWHPVVSHFLILFDOO\DQDYLJDWLRQWDVNIRUPRELOHPLOLWDU\URERWV\VWHPV%\GHYHORSLQJDTXDQWLWDWLYHPRGHORI
SHUIRUPDQFHEDVHGRQWKHFRPSOH[LW\RIWKHHQYLURQPHQWLQFOXGLQJVORSHDQGYHJHWDWLRQZHFDQHVWLPDWHWKHSHUIRUPDQFHRID


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:V\RXQJ#JZXHGX
Open access under CC BY-NC-ND license.
514   Stuart H. Young et al. /  Procedia Computer Science  28 ( 2014 )  513 – 521 
V\VWHP LQ QHZ UHJLRQV EDVHG RQ SHUIRUPDQFH LQ NQRZQ UHJLRQV  8VLQJ VLPXODWLRQ DQG GDWD IURP SULRU H[SHULPHQWV ZH
GHPRQVWUDWHWKHDELOLW\WRSUHGLFWWKHSHUIRUPDQFHLQHQYLURQPHQWVWKDWKDYHQRWEHHQWHVWHG,QRUGHUWRYDOLGDWHRXUPRGHOZH
FRPSDUHWKHPRGHOUHVXOWVWRGDWDIURPSUHYLRXV'$53$OHGUHVHDUFKH[SHULPHQWV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH8QLYHUVLW\RI6RXWKHUQ&DOLIRUQLD
Keywords$XWRQRPRXVURERWV&RPSOH[V\VWHPV6HOIDGDSWLYHV\VWHPV$XWRQRP\
,QWURGXFWLRQ
7KHGHYHORSPHQWRIFRPSOH[DGDSWLYHV\VWHPVKDVDFFHOHUDWHGUDSLGO\RYHUWKHSDVWGHFDGH7KH'HSDUWPHQWRI
'HIHQVH 'R' KDV OHG WKHZD\ LQ GHYHORSLQJPLOLWDU\ V\VWHPVZLWK LQFUHDVLQJ OHYHOV RI DXWRQRP\ IURP VHPL
DXWRQRPRXV WR DXWRQRPRXV 8QPDQQHG DLU V\VWHPV DQG XQPDQQHG JURXQG V\VWHPV DUH DQ H[DPSOH RI FRPSOH[
V\VWHPV WKDW DUH LQFUHDVLQJO\ EHLQJ HTXLSSHGZLWKPRUH DXWRQRPRXV DQG DGDSWLYH EHKDYLRXUV WKXV UHGXFLQJ WKH
OHYHORIKXPDQLQWHUDFWLRQ,QRUGHUIRUWKHVHV\VWHPVWRSHUIRUPJHQHUDOO\LQDOOHQYLURQPHQWVUHFHQWUHVHDUFKKDV
VXJJHVWHG WKDW WKH\ PXVW EH SURJUDPPHG WR DGDSW DQG OHDUQ WR DFKLHYH WKH GHVLUHG FDSDELOLWLHV LQVWHDG RI WKH
EHKDYLRXUVEHLQJKDUGFRGHG$VDUHVXOWWKHVHV\VWHPVHPSOR\PDFKLQHOHDUQLQJWHFKQLTXHVWKDWHQDEOHWKHPWR
DGDSWDQGUHDFWWRWKHLURSHUDWLQJHQYLURQPHQWVLQRUGHUWRDFKLHYHWKHVHGHVLUHGFDSDELOLWLHV5HVHDUFKSURJUDPV
VXFKDVWKRVHFRQGXFWHGE\'$53$KDYHWDNHQWKHOHDGLQHYDOXDWLQJWKHSHUIRUPDQFHRIDXWRQRPRXVJURXQGURERW
V\VWHPVKRZHYHULWLVFRVWSURKLELWLYHDQGLPSUDFWLFDOWRHYDOXDWHVHOIDGDSWLYHV\VWHPVLQDOOSRVVLEOHVFHQDULRV
DQG HQYLURQPHQWV ERWK VWDWLF DQG G\QDPLF 7KHUHIRUH LW LV GHVLUDEOH WR LPSURYH RXU DELOLW\ WR XQGHUVWDQG KRZ
DXWRQRPRXV V\VWHPV ZLOO SHUIRUP LQ RUGHU WR LQIOXHQFH PLOLWDU\ DFTXLVLWLRQ GHFLVLRQV QRW RQO\ IRU RSHUDWLRQDO
FRQVLGHUDWLRQVEXWDOVRIRUWHVWLQJDVWKH'R'HYDOXDWHVWKHVHV\VWHPVLQDGYDQFHRIILHOGLQJ
*LYHQRXUSUHVHQWXQGHUVWDQGLQJRIFRPSOH[EHKDYLRUWUXO\FRPSOH[V\VWHPVFDQQRWEHGHVLJQHGZLWKWKHGHJUHH
RIFRQILGHQFHWKDWLVDFFHSWDEOHJLYHQRXUFXUUHQWH[SHFWDWLRQV&RQVHTXHQWO\WKHGLVFLSOLQHRIV\VWHPVHQJLQHHULQJ
PXVW LQYHVWLJDWH WKLV LVVXH DV DPDWWHU RI SULRULW\ DQGXUJHQF\ DQG VHHN WR GHYHORS DSSURDFKHV WR UHVSRQG WR WKH
FKDOOHQJH7KHDSSURDFKLQWKLVSDSHUDWWHPSWVWRDGGUHVVWKLVSRLQWE\DWWHPSWLQJWRTXDQWLI\WKHFRPSOH[LW\RIWKH
RSHUDWLQJ HQYLURQPHQW DV DQ LQGLFDWRU RI FRPSOH[ V\VWHP SHUIRUPDQFH LQ WKLV FDVH DXWRQRPRXV PRELOH URERW
V\VWHPV:HFRQWHQGWKDWHYHQWKHUHODWLYHO\VLPSOHURERWWDVNRIDXWRQRPRXVQDYLJDWLRQLVDFRPSOH[LQWHUDFWLRQRI
V\VWHPV LQYROYLQJSHUFHSWLRQ RI WKH HQYLURQPHQW DQGGHFLVLRQPDNLQJ E\ WKH URERW
V FRQWURO V\VWHP WRPHHW WKH
REMHFWLYHV RI D KXPDQ RSHUDWRU  (QJLQHHULQJ GHVLJQ LV D SUREOHPVROYLQJ SURFHVV WKDW SURGXFHV DQ HQJLQHHUHG
SURGXFW3DUWRI WKDWSURFHVV LV WRDQVZHUWKHTXHVWLRQKRZFRQILGHQWDUHZH" 7KDW LVKRZGRZHNQRZWKDWRXU
HQJLQHHULQJ MXGJPHQWV DUH FRUUHFW DQGZKDW LV WKH SUHGLFWHG EHKDYLRU RI WKH V\VWHPZKHQ LQWURGXFHG LQ WKH UHDO
ZRUOG"
:HWKHUHIRUHGHYHORSHGDPRGHOEDVHGIUDPHZRUNIRUTXDQWLI\LQJWKHHQYLURQPHQWDOFRPSOH[LW\DQGSUHGLFWLQJ
WKHSHUIRUPDQFHRIFRPSOH[VHOIDGDSWLYHV\VWHPVVSHFLILFDOO\PRELOHPLOLWDU\URERWV\VWHPV,QRUGHUWRYDOLGDWH
RXU PRGHO ZH FRPSDUH WKH PRGHO UHVXOWV WR GDWD IURP SUHYLRXV '$53$OHG UHVHDUFK H[SHULPHQWV 7KLV SDSHU
H[SORUHVWKHGHYHORSPHQWRIDTXDQWLWDWLYHPRGHORISHUIRUPDQFHEDVHGRQHQYLURQPHQWDOFRPSOH[LW\DQGSURYLGHV
DPHDVXUHRIHQYLURQPHQWDOFRPSOH[LW\IRUDXWRQRPRXVURERWQDYLJDWLRQLQURXJKWHUUDLQ6HFWLRQSUHVHQWVUHODWHG
ZRUN6HFWLRQSUHVHQWVRXUDSSURDFKDQG6HFWLRQGHVFULEHVSUHOLPLQDU\UHVXOWVRIRXUDSSURDFKWRGDWH)LQDOO\
GLVFXVVLRQDQGFRQFOXVLRQVDUHSUHVHQWHGLQ6HFWLRQ
5HODWHG:RUN
3ULRUZRUNKDVVRXJKWWRFKDUDFWHUL]HWKHSHUIRUPDQFHRIXQPDQQHGV\VWHPVLQWHUPVRIOHYHOVRIDXWRQRP\DQG
WKURXJK H[SHULPHQWDO HIIRUWV WR DVVHVV SHUIRUPDQFH +RZHYHUPHDVXULQJ WKH SHUIRUPDQFH RI XQPDQQHG V\VWHPV
GHDOLQJZLWKFRPSOH[DQGFKDQJLQJHQYLURQPHQWVKDVEHHQGLIILFXOW WRGHWHUPLQHTXDQWLWDWLYHO\ 5HFHQW UHVHDUFK
KDV VXJJHVWHG WKDW HQYLURQPHQWDO FRPSOH[LW\ LV D VWURQJ SUHGLFWRU RI SHUIRUPDQFH LQ PRELOH URERW V\VWHPV ZH
WKHUHIRUHH[DPLQHUHODWHGZRUNLQWKHVHDUHDV
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2.1. Robotics Evaluation Efforts 
2QHRIWKHPRVWDGYDQFHGSURJUDPVLQUHFHQW\HDUVWRSXVKWKHHQYHORSRIDXWRQRPRXVRIIURDGQDYLJDWLRQZDV
WKH '$53$ 8*&9 3HUFHSW25 ,QWHJUDWRU 83, SURJUDP  7KH 83, SURJUDP ZDV D IROORZRQ SURJUDP WR WKH
'$53$ 8QPDQQHG *URXQG &RPEDW 9HKLFOH 8*&9 DQG 3HUFHSW25 SURJUDPV  7KH SHUIRUPHUV LQ WKH 83,
SURJUDP KHDYLO\ XWLOL]HG PDFKLQHOHDUQLQJ DOJRULWKPV LQ WKH GHYHORSPHQW RI WKHLU QDYLJDWLRQ EHKDYLRUV IRU WKH
&UXVKHUPRELOHURERW)LJ

)LJ&UXVKHUDXWRQRPRXVURERWIURPWKH'$53$83,SURJUDPGHYHORSHGE\&0815(&
,PLWDWLRQ OHDUQLQJEHKDYLRUVZHUHH[SORLWHG WR LPSURYH WKHJHQHUDOSHUIRUPDQFHRI WKHV\VWHPV WKDWSUHYLRXVO\
KDGUHOLHGKHDYLO\RQKDQGWXQLQJSDUDPHWHUVWRJHWWKHGHVLUHGSHUIRUPDQFHWKXVWKH\ZHUHEULWWOHDQGRIWHQGLGQ¶W
DFKLHYHGHVLUHGUHVXOWVLQQHZHQYLURQPHQWV2QHRIWKHLVVXHVZLWKWKHSHUIRUPDQFHRIOHDUQLQJDOJRULWKPVLVWKH
WUDQVIHUHQFH RI WKH EHKDYLRUV WR RWKHU HQYLURQPHQWV  $V D UHVXOW WKH SHUIRUPDQFH RI WKH V\VWHPV DUH KHDYLO\
GHSHQGHQW RQ WKH HQYLURQPHQW IRU ZKLFK WKH WUDLQLQJ DOJRULWKPV DUH WUDLQHG  $GGLWLRQDOO\ WKH 83, SHUIRUPHUV
XWLOL]HGDSULRULRYHUKHDG LPDJHU\ZKHQGHWHUPLQLQJ LQLWLDO WUDYHUVDELOLW\FRVWVSULRU WRDFWXDO UXQV WKDW OHDUQHGWR
PHUJHWKHURERW¶VVHQVRUGDWDZLWKWKHDSULRULGDWDWRLPSURYHWUDYHUVDELOLW\FRVWVDQGFRQVHTXHQWO\WKHFRPPDQGHG
SDWK RI WKH URERW  $ SUHFXUVRU WR WKH 83, SURJUDP ZDV WKH 3HUFHSWLRQ IRU 2II5RDG 5RERWLFV 3HUFHSW25
SURJUDP  ,Q WKH 3HUFHSW25 SURJUDP '$53$ FRQGXFWHG VL[ HYDOXDWLRQ H[SHULPHQWV ZKHUH WKH\ TXDQWLWDWLYHO\
HYDOXDWHGWKHSHUIRUPDQFHRIVHYHUDOURERWVRSHUDWLQJRQRIIURDGFRXUVHVRIYDU\LQJWHUUDLQW\SHV7KH\PHDVXUHG
WKHSHUIRUPDQFHRI WKH URERW V\VWHPVDJDLQVW DKXPDQRSHUDWHGYHKLFOH EDVHOLQH 7KHSHUIRUPDQFHPHWULFV IRU
DXWRQRP\HQFRXUDJHGPLQLPDORSHUDWRU LQWHUDFWLRQ WKXVWKH\PHDVXUHGV\VWHPVSHHG WKHQXPEHURI LQWHUDFWLRQV
DQGWKHGRZQOLQNGDWDUHTXLUHGEHWZHHQWKHRSHUDWRUDQGWKHURERW
7KH'$53$/HDUQLQJ$SSOLHGWR*URXQG5RERW/$*5SURJUDPIRFXVHGRQDGYDQFLQJDXWRQRPRXVRIIURDG
QDYLJDWLRQ E\ LQFRUSRUDWLQJ OHDUQHG EHKDYLRUV  6LPLODU WR WKH SUHPLVH LQ WKLV SDSHU WKH YHU\ QDWXUH RI WHVWLQJ
QDYLJDWLRQLQXQVWUXFWXUHGRIIURDGHQYLURQPHQWVPDNHVDFFXUDWHREMHFWLYHPHDVXUHPHQWRISURJUHVVFKDOOHQJLQJ
7KH /$*5 SURJUDP DWWHPSWHG WR DGGUHVV WKLV E\ XVLQJ FRPPRQ SODWIRUPV ZLWK SHUIRUPHUV SURYLGLQJ VRIWZDUH
XSJUDGHV DQG PHDVXUH WKH SHUIRUPDQFH DJDLQVW D µVWDWHRIWKHDUW¶ FRGH EDVH  7KH /$*5 SURJUDP SHUIRUPHUV
SURMHFWHGREVHUYHG'PDSVZLWKLGHQWLILHGREVWDFOHVRQWRD'PDSZLWKWUDYHUVDOFRVWV7KLVDSSURDFKSURYLGHG
VLJQLILFDQW LQLWLDO LQVLJKW LQWR WKH DSSURDFK SUHVHQWHG LQ WKLV SDSHU WR SUHGLFW WKH SHUIRUPDQFH RQ RWKHU
HQYLURQPHQWVEDVHGRQHQYLURQPHQWDOIDFWRUV
3HUKDSVWKHPRVWIDPRXVUHODWHGHIIRUWZDVWKH'$53$*UDQG&KDOOHQJHWKDWZDVDFRPSHWLWLRQWRHQFRXUDJH
LQQRYDWLRQ DQG DGYDQFH WKH VWDWH RI WHFKQRORJ\ LQ XQPDQQHG JURXQG YHKLFOH QDYLJDWLRQ E\ GHYHORSLQJ DQ
DXWRQRPRXV URERW WKDWFRXOG WUDYHUVHRIIURDG WHUUDLQ LQDGHVHUWHQYLURQPHQW7KHFKDOOHQJHZHQWD ORQJZD\ WR
DGYDQFHWKHVWDWHRIDXWRQRPRXVJURXQGYHKLFOHQDYLJDWLRQEXWWKHIRFXVRIWKHFKDOOHQJHZDVSULQFLSDOO\RQGHVHUW
URDGVDQGWUDLOVDQGGLGQRWHPSKDVL]HRIIURDGQDYLJDWLRQ7KH0XOWL$XWRQRPRXV*URXQGURERWLF,QWHUQDWLRQDO
&KDOOHQJH0$*,&ZDVDQRWKHUFRPSHWLWLRQWRFRQGXFWDQ,65PLVVLRQRQUHODWLYHO\IODWDQGUROOLQJXUEDQ
WHUUDLQZLWKQHXWUDODQGDGYHUVDULDOKXPDQV)RUV\VWHPOHYHODFKLHYHPHQW WHDPVGHYHORSHGDQGILHOGHGVROXWLRQV
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WKDWZHUHVXFFHVVIXOLQUHGXFLQJWKHFRJQLWLYHDQGSK\VLFDOZRUNORDGVLPSRVHGRQWKHKXPDQRSHUDWRUVIUHHLQJWKH
KXPDQVWRSHUIRUPRWKHUWDVNV
2.2. (QYLURQPHQWDO&RPSOH[LW\ 
0HDVXULQJWKHSHUIRUPDQFHRIDXWRQRPRXVURERWVRSHUDWLQJLQFRPSOH[DQGFKDQJLQJHQYLURQPHQWVKDVEHHQD
ORQJ VWDQGLQJ LVVXH LQ WKDW WKHUH DUH QR VDWLVIDFWRU\PHWULFV WRPHDVXUH KRZ SUHFLVHO\ D URERWLF V\VWHP VDWLVILHV
SHUIRUPDQFH VSHFLILFDWLRQ H[SHFWDWLRQV RU KRZ WR JHQHUDOO\ GHVFULEH WKH RSHUDWLRQDO GRPDLQV RI WKH URERW $
FRPSUHKHQVLYHVXUYH\RI'WHUUDLQWUDYHUVDELOLW\DQDO\VLVPHWKRGVGHVFULEHVWUDYHUVDELOLW\EDVHGRQWKHWKHRU\RI
DIIRUGDQFHVDQGGLVFXVVHVPDLQVWUHDPVRIUHVHDUFKDSSURDFKHVWKDWKDYHEHHQWDNHQSULQFLSDOO\EDVHGRQVHQVLQJ
DSSURDFKHVWKDW LQFOXGHJHRPHWU\EDVHGPHWKRGVDQGDSSHDUDQFHEDVHGPHWKRGV7KHPRVWSURPLQHQWDSSURDFKHV
IRUPHDVXULQJWUDYHUVDELOLW\HYROYLQJIURPRFFXSDQF\JULGPDSVLQYROYHWKHUHSUHVHQWDWLRQRIWKHWHUUDLQLQWRFRVW
PDSV WKDW DYDLO WKHPVHOYHV WR JULGEDVHG VHDUFK WHFKQLTXHV  7KHVH DSSURDFKHV DUH VWLOO ZLGHO\ XVHG LQ URERW
SODQQLQJDOJRULWKPVDQGVHUYHDVDEDVLVRIRXUPRGHOLQWKLVSDSHU7KHWUDGHRIIVEHWZHHQJHRPHWU\EDVHGYHUVXV
DSSHDUDQFHEDVHGDSSURDFKHVDUHFRPELQHGLQRXUPRGHODVZHFRQVLGHUDFRPSRQHQWRIHDFKQDPHO\HOHYDWLRQ
GDWDLQFOXGLQJVORSHDQGURXJKQHVVDQGRUWKRLPDJHU\
$Q HIIRUW WR GHVFULEH WKH FDSDELOLWLHV RI URERWV LQ WHUPV RI OHYHOV RI DXWRQRP\ LV WKH 3HU0)86 PRGHO WKDW
LQWURGXFHV FRQWH[WXDOPHWULFVZKHUH WKH SHUIRUPDQFH LV EDVHG RQ WKH FRQWH[W  $QG LQ WKH FDVH RI DXWRQRPRXV
PRELOLW\WKHHQYLURQPHQWDOFRQWH[WLVUHODWHGWRWKHSHUIRUPDQFHPHWULFV7KHIUDPHZRUNXVHVDPXOWLD[LVPRGHO
EDVHGRQWKHPLVVLRQUHTXLUHPHQWVWKHHQYLURQPHQWVLQZKLFKWKHPLVVLRQVDUHSHUIRUPHGDQGWKHFKDUDFWHULVWLFVRI
WKHXQPDQQHGV\VWHPLWVHOIZKLFKHYROYHGRXWRIWKH$XWRQRP\/HYHOVIRU8QPDQQHG6\VWHPV$/)86PRGHO
2WKHU HIIRUWV KDYH VRXJKW WR LQYHVWLJDWH WKH LQWHUGHSHQGHQFLHV EHWZHHQ WKH SULQFLSOH FRPSRQHQWV RI
DXWRQRPRXV URERWV QDPHO\ SHUFHSWLRQ SODQQLQJ DQG WDVN H[HFXWLRQ  +RZHYHU LW LV VWLOO GLIILFXOW WR DVVHVV WKH
HIIHFWRIHQYLURQPHQWDOYDULDWLRQVRQWKHV\VWHPSHUIRUPDQFHJLYHQWKHDYDLODELOLW\RISHUIRUPDQFHLQGLFDWRUV2QH
HIIRUWGHYHORSHGDSUREDELOLVWLFPRGHOWKDWOHDUQVWKHLQWHUGHSHQGHQFLHVEHWZHHQWKHWKUHHDERYHFRPSRQHQWVEDVHG
RQOHDUQLQJD%D\HVLDQQHWZRUNWKDWLGHQWLILHVWKHFRKHUHQFHEHWZHHQSHUIRUPDQFHLQGLFDWRUVDQGV\VWHPRXWSXWV
$QRWKHUTXDQWLWDWLYHPHWKRGXVHGVLPXODWLRQVRIDVHDUFK WDVN WRGHWHUPLQH WKDWDFRPELQDWLRQRIHQWURS\DQG
VHQVRUFRPSUHVVLELOLW\FDQGHVFULEHHQYLURQPHQWDOFRPSOH[LW\WRDURERW7KHFRPSOH[LW\PHDVXUHDOVRDOORZV
WKH V\VWHP GHVLJQHU WR GHWHUPLQH TXDQWLWDWLYHO\ WKH PRVW LPSRUWDQW LQIRUPDWLRQ IRU LPSURYLQJ D URERW¶V
SHUIRUPDQFH 7KH\ XVHG WKLV DSSURDFK WR SUHGLFW WKH DYHUDJH QXPEHU RI VWHSV D URERW QHHGV WR FRPSOHWH D
QDYLJDWLRQWDVN+RZHYHUWKLVDSSURDFKXVHGDGLVFUHWHPDSWRGHVFULEHWKHWUDYHUVDELOLW\RIWKHFHOOVRIWKHPDS
ZKLOHRXUPRGHOH[WHQGVWKLVLGHDE\XVLQJFRQWLQXRXVFRVWVWRGHVFULEHWKHWUDYHUVDOFRVWVRIWKHPDSFHOOV
+HOG DQG /DPSH GHYHORSHG D PHWKRG IRU XQGHUVWDQGLQJ WKH SHUIRUPDQFH RI D URERW ZLWK UHVSHFW WR LWV
HQYLURQPHQW WKURXJK WKH LQWHUDFWLRQRI D VHW RIPHWULFV OHDUQHG LQ D'\QDPLF%D\HVLDQ1HWZRUN DQGSODFHG LQ D
SUREDELOLVWLFV\VWHPVPRGHOFDOOHGDV\VWHPPDS7KHV\VWHPPDSFDQEHXVHGWRXQGHUVWDQGKRZWKHPHWULFV
UHODWHERWK WRHDFKRWKHUDQG WRDSDUWLDOO\NQRZQHQYLURQPHQW7KHUHVXOWVGHPRQVWUDWHKRZWKHPRGHO LGHQWLILHV
HQYLURQPHQWDOGHSHQGHQFLHVDQGSHUIRUPDQFHFDQEHSUHGLFWHG LQXQNQRZQHQYLURQPHQWV 7KH LQWHUDFWLRQRI WKH
URERWZLWKLWVHQYLURQPHQWLVFRQVLGHUHGDVDVLQJOHFRPSOH[DQGG\QDPLFV\VWHPDQGLVPRGHOHGWRXQGHUVWDQG
URERWSHUIRUPDQFH7KH\GHILQHHQYLURQPHQWDOFRPSOH[LW\XVLQJDQHQWURS\PHDVXUH7KLVUHVHDUFKLVVLPLODUWR
WKH DSSURDFK SUHVHQWHG LQ RXU ZRUN EXW ZH H[WHQG WKLV LGHD WR PRUH FRPSOH[ URXJK WHUUDLQ DQG XVH GLIIHUHQW
PHDVXUHVRIHQYLURQPHQWDOFRPSOH[LW\
$SSURDFK
,QWKLVSDSHUZHGHYHORSDPRGHOEDVHGIUDPHZRUNWRFKDUDFWHUL]HWKHLPSDFWRIHQYLURQPHQWDOFRPSOH[LW\RQD
QDYLJDWLRQWDVNIRUDXWRQRPRXVPLOLWDU\URERWV\VWHPVLQWHUPVWKDWDUHFORVHO\WLHGWRWKHSHUIRUPDQFHRIWKHDFWXDO
V\VWHPV 2XU DSSURDFK LV EDVHG RQ WKH DOJRULWKPV XVHG E\ GHYHORSHUV RI WKH V\VWHPV LQ WKH '$53$ 83,
H[SHULPHQWV DV WKH\ GHYHORSHG WKH &UXVKHU V\VWHP WR DXWRQRPRXVO\ QDYLJDWH UXJJHG WHUUDLQ  $V LV FRPPRQ LQ
GHYHORSLQJPDQ\URERWSODQQHUVWKH\XVHDQ$$VWDUEDVHGSODQQHUWRGHYHORSDQLQLWLDOFRXUVHSODQIRUWKH
URERWDQG WKHQUHILQH WKHLUQDYLJDWLRQSODQRQERDUG WKH URERWEDVHGRQ ORFDOVHQVRUV 6LPLODUO\ZHXVHDSULRUL
RUWKRLPDJHU\ DQG HOHYDWLRQ GDWD KRZHYHU ZH XVH LW WR FKDUDFWHUL]H WKH FRPSOH[LW\ RI WKH HQYLURQPHQW  7KLV
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DSSURDFKSURYLGHVXVZLWKDPRGHOIRUFKDUDFWHUL]LQJWKHFRPSOH[LW\RIWKHRSHUDWLRQDOHQYLURQPHQWEDVHGRQPDQ\
RIWKHVDPHIDFWRUVXVHGE\WKHDFWXDOV\VWHPV
7KH$DOJRULWKPLVVWLOOZLGHO\XVHGWRGD\LQURERWLFVQDYLJDWLRQDOJRULWKPVDQGLVXVHGLQRXUVLPXODWLRQVWR
HYDOXDWHHQYLURQPHQWDOFRPSOH[LW\ 7KH$DOJRULWKPVROYHVWKHSUREOHPRIGHWHUPLQLQJWKHPLQLPXPFRVWSDWK
WKURXJKDJUDSKWRJXLGHWKHGHYHORSPHQWRIHIILFLHQWVHDUFKSURFHGXUHVDQGLVFHQWUDOWRRXUPRGHO+RZHYHU
LQVWHDGRIXVLQJGLVWDQFHWRWKHJRDODORQHZHDGMXVWWKLVFRVWEDVHGRQFRVWVGHULYHGIURPWKHHQYLURQPHQWDOGDWD
VXFK DV HOHYDWLRQ DQG YHJHWDWLRQ  3HUIRUPDQFH LPSURYHPHQWV RI WKH RULJLQDO$ DOJRULWKP FDQ EHPDGH XVLQJ
PDQ\RIWKHSOHWKRUDRIVXEVHTXHQWO\GHYHORSHGDOJRULWKPVEXWWKHEDVLFDSSURDFKE\+DUWLVVXIILFLHQWIRURXU
SXUSRVHV$XVHVDEHVWILUVWVHDUFKDSSURDFKWRILQGDORZHVWFRVWIURPDJLYHQLQLWLDOQRGHWRDJRDOQRGH$VWKH
$DOJRULWKPWUDYHUVHV WKHJUDSK LW IROORZVDSDWKRI WKHORZHVWH[SHFWHG WRWDOFRVWRUGLVWDQFHNHHSLQJDVRUWHG
SULRULW\TXHXHRIDOWHUQDWHSDWKVHJPHQWVDORQJWKHZD\0DWKHPDWLFDOO\WKH$DOJRULWKPVHHNVWRPLQLPL]HWKH
YDOXHRIfnIURPWKHVWDUWWRJRDOQRGHGHQRWHGE\(T
fn  gn hn    
,Q(Tfn LVWKHYDOXHRIWKHIXQFWLRQDWDQ\SRLQWnZKHUHgn LVWKHYDOXHRIWKHSDVWSDWKFRVWIXQFWLRQRIDQ
RSWLPDOSDWKIURPWKHVWDUWSRLQWQRGHsWRQRGHnhnLVDIXWXUHSDWKFRVWIXQFWLRQWKDWLVDQDGPLVVLEOHHVWLPDWHRI
WKH FRVW IURP WKH FXUUHQW QRGH n WR WKH JRDO  ,Q VLPSOH DSSOLFDWLRQV WKH FRVW LV VLPSO\ WKH GLVWDQFH WUDYHOOHG
EHWZHHQQRGHV,QRXUPRGHOZHLQFOXGHWKHFRVWRIWUDYHUVDELOLW\DORQJHDFKSDWKWRUHSUHVHQWWKHFRVWRUGLIILFXOW\
RIWUDYHUVLQJEHWZHHQQRGHV7KHFRVWRIWUDYHUVLQJEHWZHHQDGMDFHQWQRGHV[\DQG[\LVGHWHUPLQHGE\(T
ZKHUHWKH(XFOLGLDQGLVWDQFHEHWZHHQQRGHVLVPXOWLSOLHGE\WKHRQHSOXVWKHDYHUDJHWUDYHUVDOFRVWYDOXHVRIWKH
DGMDFHQWFHOOVT1DQGT2
T  x  x 
  y  y 
 
T x y  T x y  

ª
¬
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«
º
¼
»
»
  
(T  LV XVHG WR FDOFXODWH WKH WUDYHUVDO FRVW RI HDFK FHOO Tn CS LV WKH FRHIILFLHQW IRU VORSHZKLOHCV LV WKH
FRHIILFLHQWIRUYHJHWDWLRQ7KH\DUHZHLJKWLQJIDFWRUVWKDWZHDSSO\WRDGMXVWWKHLPSDFWRIWKHVORSHDQGYHJHWDWLRQ
RQWKHWUDYHUVDOFRVW/HDUQLQJWKHYDOXHVRICSDQGCVDUHWKHVXEMHFWRIRXUDQDO\VLVEDVHGRQVLPXODWLRQUHVXOWV
DQGSULRUGDWD
Tn xn yn   CSSn xn yn  CVVn xn yn     
:HFRPSXWHWKHVORSHDWQRGHnSnIURPWKHHOHYDWLRQGDWDZKHUHEnLVWKHHOHYDWLRQRIQRGHn6HH(T
Sn  
dEn
dx
§
©
¨
·
¹
¸

 dEn
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¨
·
¹
¸

   
,Q RUGHU WR GHWHUPLQH WKH YHJHWDWLRQ FRVW RI HDFK QRGH Vn ZH ILUVW DSSO\ DQ LPDJH VHJPHQWDWLRQ DQG
WKUHVKROGLQJ WHFKQLTXH WR WKHRYHUKHDGRUWKRLPDJHU\RI WKHHQYLURQPHQW :HXWLOL]H WKH LPDJHVHJPHQWDWLRQDQG
WKUHVKROGLQJDSSURDFKGHYHORSHGE\2WVXWRVHJPHQWWKHLPDJHLQWR1FODVVHV:HFRQVLGHUHGRWKHUPHWKRGV
WKDWXVHG+69VSDFHEXWIRXQGUHDVRQDEO\JRRGVHJPHQWDWLRQXVLQJ2WVX¶VPHWKRG7KURXJKH[SHULPHQWDWLRQZH
IRXQGWKDWVHJPHQWLQJWKHLPDJHLQWRFODVVHVSURYLGHGXVZLWKDXVHIXOVHJPHQWDWLRQWRZKLFKZHWKHQDVVLJQHG
WUDYHUVDO FRVWV EDVHG RQ YHJHWDWLRQ  7KH YDOXHVVn WKDW ZH LQLWLDOO\ DVVLJQHG WR WKH  FODVVHV FDPH IURP83,
UHVHDUFKHUVZKHUHWKH\DVVLJQHGDWUDYHUVDOFRVWRIWRURDGVWRJUDVVDQGRYHUIRUGHQVHYHJHWDWLRQ
&XUUHQWO\ZHDUHHYDOXDWLQJWZRPHDVXUHVRIFRPSOH[LW\7KHILUVWLVDUDWLRRIWKHFRPSOH[LW\RIWKHVLPXODWHG
RSWLPDOSDWKWRWKH(XFOLGLDQGLVWDQFHEHWZHHQWKHVWDUWDQGWDUJHWFHOOV7KHVHFRQGLVDUDWLRRIWKHOHQJWKRIWKH
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RSWLPDOSDWKWRWKH(XFOLGLDQGLVWDQFHEHWZHHQWKHVWDUWDQGWDUJHWFHOOV7KHZRUNWRGDWHFRQVLGHUVWKHFRPELQDWLRQ
RIVORSHDQGYHJHWDWLRQWUDYHUVDOFRVWVDVH[SUHVVHGLQ(TWRGHWHUPLQHYDOXHVRIFRPSOH[LW\EHWZHHQFHOOV:RUN
LVFXUUHQWO\RQJRLQJWRGHWHUPLQHWKHYDOXHVRICSDQGCVWKDWPRVWDFFXUDWHO\PRGHOWKHV\VWHPVIURPWKH'$53$
83,H[SHULPHQWVDQG WKDWPRVWUHOLDEO\SUHGLFW WKHSHUIRUPDQFHRI WKH83,V\VWHPLQRWKHU WHUUDLQ $GGLWLRQDOO\
IXUWKHUZRUN LQGLFDWHV WKDW D QRQOLQHDU UHODWLRQVKLS H[LVWV EHWZHHQ WKH VORSH DQG WKH WUDYHUVDELOLW\ WKHUHIRUH DQ
H[SRQHQWLDOUHODWLRQVKLSLVXQGHUHYDOXDWLRQ
3.1. Example 
+HUHZHDUHVKRZLQJDYHU\VLPSOLVWLFH[DPSOHZKHUHWKHQRGHVLQ WKHJUDSKDUHHLWKHU WUDYHUVDEOHRUQRW ,Q
)LJEFGZKLWHVTXDUHVLQGLFDWHDWUDYHUVDOFRVWRI:KHUHEODFNVTXDUHVLQGLFDWHDWUDYHUVDOFRVWRILQILQLW\,Q
WKLVVLPSOHH[DPSOH WKH WUDYHUVDOFRVWVRI WKHZKLWHFHOOVDUHEXW LQRXUUHVXOWV WKHFHOOVDUHDVVLJQHG WUDYHUVDO
FRVWVEDVHGRQ(T


)LJDVKRZVDQH[DPSOHRIRUWKRLPDJHU\EVKRZVDFRPSOH[LW\RIWKDWLVWKHUDWLRRI$GLVWDQFHWR(XFOLGLDQGLVWDQFHEHWZHHQWKH
JRDOUHGDQGWKHVWDUWJUHHQLVFVKRZVDFRPSOH[LW\RIGVKRZVDFRPSOH[LW\RI
3UHOLPLQDU\5HVXOWV
)URPWKH'$53$83,([SHULPHQWFRQGXFWHGDW)W&DUVRQ&2LQZHVKRZWKHUHVXOWVRIRXUDSSURDFK
DV DSSOLHG WR FRXUVH  DQG FRPSDUHG WR WKH H[SHULPHQWDO UHVXOWV IURP WKDW H[SHULPHQW  )LJ D VKRZV
RUWKRLPDJHU\RIFRXUVHZLWKWKHZD\SRLQWVVXSHULPSRVHGRQWRWKHLPDJH7KHVWDUWDQGHQGSRLQWVIRUFRXUVH
DUH LQGLFDWHGE\ WKHJUHHQGRW DQG WKHFRXUVHSURJUHVVHV LQDFRXQWHUFORFNZLVHPDQQHU WKURXJKHDFKRI WKH UHG
SRLQWV)LJEVKRZVWKHFDOFXODWHGVORSHIURPWKHHOHYDWLRQGDWDRIWKHDUHD)LJFVKRZVWKHUHVXOWVRI2WVX¶V
LPDJHVHJPHQWDWLRQLQWRIRXUFODVVHVUHSUHVHQWDWLYHRIURDGVGLUWWDOOJUDVVDQGGHQVHYHJHWDWLRQ
  
)LJDVKRZVWKHRUWKRLPDJHU\RI83,([SHULPHQW&RXUVHEVKRZVWKHVORSHRIWKHHOHYDWLRQGDWDFVKRZVWKHLPDJHVHJPHQWDWLRQ
DQGFODVVLILFDWLRQRIWKHGLIIHUHQWWHUUDLQW\SHV
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)LJDVKRZVDPDSRIWUDYHUVDOFRVWVIRUWKHVDPHWHUUDLQDVVKRZQLQ)LJDEDVHGRQO\RQWKHVORSH7KH
SDWK VKRZQ LV WKH UHVXOWRIRXU VLPXODWLRQ IRU WKLV WHUUDLQ  ,Q)LJD WKH VLPXODWLRQ UHVXOW LVEDVHGRQD VORSH
FRHIILFLHQWRI&6 6LPLODUO\)LJEVKRZVDPDSRIWUDYHUVDOFRVWVIRUWKHVDPHWHUUDLQDVVKRZQLQ
)LJDEDVHGRQO\RQWKHYHJHWDWLRQ7KHSDWKVKRZQLVWKHUHVXOWRIRXUVLPXODWLRQIRUWKLVWHUUDLQ,Q)LJE
WKHVLPXODWLRQUHVXOWLVEDVHGRQDYHJHWDWLRQFRHIILFLHQWRI&9 
 
)LJWUDYHUVDOFRVWVDQGUHVXOWDQWVLPXODWLRQRIWKHPRGHOIRUWKH83,([SHULPHQW&RXUVHDVORSHRQO\CS CV EYHJHWDWLRQ
RQO\CV CS 
)LJVKRZVVLPXODWLRQUHVXOWVIRUWKHVDPHWHUUDLQDVVKRZQLQ)LJDEDVHGRQDFRPELQDWLRQRIVORSHDQG
HOHYDWLRQDVGHWHUPLQHGE\(T7KHSDWKVKRZQLQ)LJDLVWKHUHVXOWRIRXUVLPXODWLRQIRUWKLVWHUUDLQZKHUH
WKHVORSHFRHIILFLHQWLVCS DQGWKHYHJHWDWLRQFRHIILFLHQWLVCV WRGHWHUPLQHWKHWUDYHUVDOFRVWV
RI WKHFHOOV  ,Q)LJE WKHVLPXODWLRQUHVXOW LVEDVHGRQDVORSHFRHIILFLHQWRICS DQGDYHJHWDWLRQ
FRHIILFLHQWRICV 
 
)LJWUDYHUVDOFRVWVDQGWKHUHVXOWDQWVLPXODWLRQVIRUWKH83,([SHULPHQW&RXUVHDCS CV ECS CV 
7DEOH  VKRZV WKH VXPPDU\ GDWD RI IRXU UXQV IRU WKH 83, &UXVKHU SODWIRUP QDYLJDWLQJ &RXUVH  GXULQJ
([SHULPHQWDW)W&DUVRQ&2LQ$XJXVW7DEOHVKRZVWKHVLPXODWLRQUHVXOWVIRUWKHVDPHWHUUDLQWKDWZDV
UXQRQ&RXUVHGXULQJWKH83,H[SHULPHQWV:KLOHWKLVGDWDLVSUHOLPLQDU\DQGVKRZVRQO\RQHFRXUVHDGGLWLRQDO
WHUUDLQDQGGDWDLVFXUUHQWO\EHLQJHYDOXDWHGWRGHWHUPLQHFRHIILFLHQWYDOXHVWKDWZLOOHQDEOHDFRUUHODWLRQEHWZHHQ
WKHPRGHODQGDFWXDOSHUIRUPDQFHSDUDPHWHUVVSHHGDQGLQWHUYHQWLRQVNPIURP7DEOHWREHHVWLPDWHGEDVHGRQ
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